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INTRODUCTION 46
Plantar flexor function is a critical parameter for human movement in athletes, aging, and patient 47 populations. Comprised of the soleus, lateral gastrocnemius, and medial gastrocnemius; the triceps 48 surae muscles support and accelerate the body during ambulation. Although these plantar flexors 49
appear small relative to knee and hip musculature, plantar flexor function is critical during walking (Graf  50  et with decreased walking speed and mobility among elderly populations (Stenroth and Sipila, 2016 ; 53 Stenroth et al., 2015) and functional deficits in healthy young adults who suffer Achilles tendon injuries 54 (Brorsson et al., 2018) . Muscle wasting caused by aging affects the plantar flexors but can be mitigated 55 with resistance training , highlighting the importance of maintaining muscle structure 56 throughout the lifespan. Of these muscles, the gastrocnemius muscles are particularly important in 57 generating plantar flexor power, due in part to the longer and less pennate muscle fascicles (Lieber and 58 Fridén, 2000) . 59
Gastrocnemius fascicle structure has been linked with plantar flexor function in athletic and 60 patient populations. Trained sprinters have longer gastrocnemius fascicles than non-sprinters and 61 untrained adults , leading to decreased muscle shortening velocities during a 62 simulated push off of a sprint start (Lee and Piazza, 2009 ). Even among sprinters, longer and less 63 pennate gastrocnemius fascicles are linked with faster sprint times (Abe et al., 2001; Kumagai et al., 64 2000) . These links between gastrocnemius structure and plantar flexor function translate to patient 65 populations as well. For example, the magnitude of plantar flexor power deficits in patients recovering 66
from Achilles tendon ruptures is strongly correlated with the magnitude of remodeling of the medial 67 gastrocnemius muscle, characterized by shorter resting fascicles (Hullfish et al., 2019a). Longer and 68 less pennate gastrocnemius muscles increase the functional range of ankle motion during simulated 69 muscle contractions by reducing muscle shortening velocity and operating for a longer amount of time 70
in the optimal range of fascicle length (Baxter et al., 2018) . 71
However, the effects of natural variation in gastrocnemius structure on plantar flexor function in 72 healthy adults remains poorly understood. Longer and less pennate muscles operate at slower 73 shortening velocities for a given muscular contraction, explaining the increase amount of muscle force 74 (Lieber and Fridén, 2000 The purpose of this study was to determine the relationship between medial gastrocnemius 82 muscle structure and plantar flexor function measured on an isokinetic dynamometer in healthy young 83 adults. Given that longer and less pennate fascicles increase the potential for total muscle shortening 84 velocity, we hypothesized longer fascicles correlate with increased plantar flexor torque and work and 85 that increased pennation would correlate with decreased plantar flexor torque and work during 86 voluntary isokinetic contractions. To test this hypothesis, we quantified medial gastrocnemius fascicle 87 length and pennation angle using ultrasound imaging and measured plantar flexion torque and work in 88 maximal isometric and isokinetic conditions at three rates of ankle rotation on an isokinetic 89 dynamometer. Based on our previous computational modeling , we hypothesized 90 that fascicle length would be a stronger correlate of plantar flexor torque and work than pennation angle 91 and muscle thickness. After we correlated medial gastrocnemius structure with plantar flexor isokinetic 92 function, we used a musculoskeletal model to confirm the effects of varying optimal fascicle length and 93 pennation angle on muscle kinetics and shortening velocity. 94
METHODS 95
We quantified medial gastrocnemius structure and plantar flexor function in 12 healthy young 96 adults (6 male, 6 female, age: 25 ± 4.54, BMI: 23.1 ± 4.48) who provided written informed consent in 97 this study which was approved by the University of Pennsylvania IRB (#828374). Subjects were 98 recreationally active and had no reported history of Achilles tendon injury or recent muscle injury in 99 either leg. We acquired measurements of medial gastrocnemius structure and function of the right leg 100 with subjects positioned prone on an isokinetic dynamometer (System 4, Biodex, Shirley, NY). Each 101 subject was positioned on a treatment table that was rigidly secured to the dynamometer while wearing 102 standardized lab shoes. After their foot was secured to the foot plate with the medial malleolus aligned 103 with the spindle of the dynamometer, each subject selected their ankle range of motion by fully dorsi-104 flexing and plantar flexing their ankle. Once the subject specific range of motion was set, the 105 investigator set the ankle neutral position, which was recorded for post-processing. To ensure 106 consistency between subjects, all experimental procedures were performed by a single investigator. 107
To quantify medial gastrocnemius structure, we acquired ultrasound images of the medial 108 gastrocnemius throughout the entire passive range of motion of each subject. We positioned the 7.5 109
MHz, 6 cm probe (LV7.5/60/128Z-2, SmartUs, TELEMED) over the mid-substance of the muscle belly 110
and secured it to the leg using a custom-made cast and strap system. Ultrasound images were 111 acquired between 30 and 60 Hz while each subject's ankle was moved through its passive range of 112 motion moving from plantar flexion to dorsiflexion at a rate of 10 degrees/s. We quantified resting 113 fascicle length, pennation angle, and muscle thickness with the ankle at the resting angle rather than at 114 neutral to avoid stretching the fascicles (Aeles et al., 2017) . This resting angle was set to 16 degrees 115 plantar flexion for all subjects based on values of average resting ankle position across 42 patients 116 reported in the literature (Zellers et al., 2018) . We manually 117 identified the superficial and deep aponeuroses and a 118 muscle fascicle by selecting two points on each structure to 119 form a line (Figure 1) . This manual approach of fascicle 120 measurement has been demonstrated to be repeatable 121 within the same observer (Drazan et al., 2019). We 122 calculated fascicle length as the distance between the 123 superficial and deep attachments of the fascicle and 124 pennation angle as the angle between the fascicle and the 125 deep aponeurosis. Muscle thickness was calculated as the 126 fascicle length multiplied by the sine of the pennation angle. 127 We measured fascicles that were in the middle of the 128 imaging frame for all subjects. In case that the entire fascicle 129
was not in frame, linear extrapolation was used to calculate 130 fascicle length. We averaged each measurement of 131 structure across three passive range of motion trials to 132 determine the measures of resting muscle structure we used 133 in our analyses. 134
To determine plantar flexor work and peak torque, 135 subjects performed maximal voluntary plantar flexor 136 contractions on an isokinetic dynamometer. Subjects performed maximal isometric contractions at 137 neutral ankle angle and isokinetic contractions at three rotational velocities across their range of 138 motion. The subject's right foot was secured to a foot plate with the medial malleolus of the ankle 139 aligned with the dynamometer's spindle. First, we measured peak isometric plantar flexor torque with 140 the ankle at neutral with subjects in prone position. Next, peak isokinetic plantar flexion contractions 141 were performed throughout a subject's entire range of motion at three speeds: slow (30 degrees per 142 second), medium (120 degrees per second), and fast (210 degrees per second). At the start of each of 143 these trials, we confirmed that the subject positioned their ankle in their peak dorsi-flexion angle. We 144 provided verbal encouragement (McNair et al., 1996) as well as visual feedback to ensure that subjects 145 maximally contract their plantar flexors during each condition. Contractions were not ramped, instead 146 subjects were instructed to immediately "push as hard and as fast as they could." Subjects continued to 147 perform maximal plantar flexion contractions for each test condition until the peak torque was 148 consistent for two consecutive trials. 149
To test our hypothesis that fascicle length would be positively and strongly correlated with 150 plantar flexor function and that pennation angle would be negatively and moderately correlated with 151 plantar flexor function, we performed univariate linear regression to determine the relationship between 152 measures of medial gastrocnemius structure with peak plantar flexor torque and work at each 153 contraction condition. We calculated the strength correlation for each of these regression analyses 154
using the coefficient of determination (R 2 ), which is an index of the correlation strength ranging between 155 0 and 1 where values between 0 and 0.04 indicate negligible correlation, 0.04 and 0.25 indicate weak 156 correlation, 0.25 and 0.64 indicate moderate correlation, and 0.64 and 1 indicate strong correlation 157 (Morton et al., 2005) . We set an a priori alpha level of 0.05 and performed all statistical analysis using 158 scientific computing software (MATLAB, MathWorks, Natick, MA). 159
Because muscle structure and anthropometry varied in our subjects, we quantified muscle 160 thickness and lower-leg length to determine if these factors accounted for some of the variability in 161 plantar flexor kinetics. We calculated muscle thickness as the product of the resting fascicle length and 162 Figure 1 (1 column). Resting muscle architecture was measured from an ultrasound frame captured at 16°plantar flexion. An examiner identified the two aponeuroses as well as a fascicle within the frame, each of which was approximated as a straight line. Pennation angle was calculated as the angle between the fascicle and the deep aponeurosis and muscle thickness was calculated as the sine of the pennation angle times the length of the fascicle.
Pennation Angle

Superficial Aponeurosis
Deep Aponeurosis the sine of the pennation angle. We quantified lower-leg length by measuring the distance between 163 reflective markers placed on the lateral malleolus and the proximal head of the fibula that was 164 measured using a 12 camera motion capture system (Raptor Series, Motion Analysis Corporation, 165
Rohnert Park, CA). To evaluate the effect of patient stature on resting muscle structure, we linearly 166 regressed fascicle length, pennation angle, and muscle thickness against body mass and leg length. 167
Additionally, muscle thickness was linearly regressed against fascicle length and pennation angle. the ankle angle at which we measured medial gastrocnemius structure in the current study. During 175 each test speed, we changed the optimal fascicle length (which we will refer to as fascicle length for 176 consistency with our in vivo measurements) and pennation angle of both the gastrocnemius and soleus 177 muscles. We set the fascicle length of the gastrocnemius muscle to 64 mm and the pennation angle to 178 22 degrees, which we acquired from ultrasound images of our test subjects in 16 degrees of plantar 179 flexion. The soleus muscle was set to the model default values of 44 mm for fascicle length and 28 180 degrees of pennation. We iteratively adjusted by fascicle length and pennation angle by 10%, ranging 181 from 50% to 150% of the model default values (Fig. 4A ). During each test iteration, we used a gradient 182 based optimization procedure to find the tendon slack lengths that placed the ankle in static equilibrium. 183 We then simulated maximal plantar flexor contractions at 30, 120, and 210 degrees/s and recorded the 184 muscle force generated and shortening velocities of the gastrocnemius and soleus muscles. To test the 185 effects of variations in gastrocnemius structure, we 186
analyzed 0.494, P < 0.013). Fascicle length had the weakest 203 correlation with peak torque during isometric 204 conditions (R 2 = 0.325, P = 0.053). Subjects 205 generated less torque and did less work as 206 rotational velocity increased ( Table 1) . 207 Pennation angle was negatively and 208 moderately correlated with plantar flexor work 209 (0.255 > R 2 > 0.39, p < 0.052) and peak torque 210 (0.296 > R 2 > 0.417, p < 0.067 during isokinetic 211 plantar flexion contractions (Figure 2B and 3B) . 212 However, these correlations were weaker than 213 resting fascicle length for each test condition and 214 only reached statistical significance during 30°/s (P 215 = 0.047) and 210°/s (P = 0.023) conditions for 216 measurements of peak torque. Peak isometric 217 torque was not explained by resting pennation 218 angle (R 2 = 0.09, P = 0.345). 219
Muscle thickness was moderately and 220 significantly correlated with fascicle length (R 2 = 221 0.536, p < 0.001) but not correlated with pennation 222 angle (R 2 = 0.064, P = 0.084). Despite the positive 223 correlation between resting muscle thickness and 224 fascicle length, resting muscle thickness was not 225 significantly correlated with function at any 226 isokinetic testing condition ( Table 2) . Muscle 227 thickness was positively and weakly correlated 228
with peak torque at isometric max (R 2 = 0.161). 229
However, this correlation did not reach statistical 230 significance (P = 0.197). 231
Muscle structure was weakly correlated 232 with subject stature ( Table 3) . Fascicle length was 233 weakly correlated with leg length (R 2 = 0.084, P = 234 0.046) and body mass (R 2 = 0.132, P = 0.011). 235
Pennation angle was weakly correlated with body 236 mass (R 2 = 0.098, P = 0.030) but not leg length. 237
Muscle thickness was not correlated with either 238 leg length or body mass. 239
Longer muscle fascicles had a greater 240 effect on simulated plantar flexor function 241 compared to similar decreases in pennation angle 242 (Figure 4B and C) . The effects of small increases 243 in fascicle length increased with greater rates of 244 ankle rotation during these simulated isokinetic 245 plantar flexion contractions. A 1 percent increase 246 in the gastrocnemius fascicle length led to a 0.3% 247 increase in peak plantar flexor torque at 30 248 degrees per second and 0.8% increase in peak 249 plantar flexor torque at 210 degrees per second 250 (Figure 4B) . These small increases in 251 gastrocnemius fascicle length had a greater effect 252 on simulated plantar flexor work done by the 253 ankle joint (Figure 4C) . Increasing the gastrocnemius fascicle length by 1% increased joint work by 254 0.6% during 30 degrees per second contractions and 1.0% during 210 degrees per second 255 contractions. 256
These increases in plantar flexor kinetics caused by longer gastrocnemius muscle fascicles 257
were explained by 2 factors (Figure 5) . First, the longer muscle fascicles generated greater force at 258 each joint angle. Second, the longer muscle fascicles continued to generate muscle force in deeper 259 plantar flexion while the shorter muscle fascicles stopped producing force starting at 40 degrees of 260 plantar flexion. However, similar changes in pennation angle had weaker effects on plantar flexor 261 kinetics (Figure 4 B and C) . 262 Figure 4 (2 column). Longer muscle fascicles generate greater plantar flexor torque and work during simulated isokineticcontractions.Wesimulated the effects of varying fascicle length (x-axis) and pennation angle (y-axis) using a simplified musculoskeletal model of the lower leg (A). After each model permutation was initialized by solving for tendon slack lengths to reach static equilibrium at 16 degrees plantar flexion, we simulated maximal isokinetic plantar flexion contractions at 30, 120, and 210 degrees per second. Small increases in fascicle length had a greater effect on peak torque (B) than similarly small decreases in pennation angle. Similar to peak joint torque, longer fascicles also increased the amount of work done by the muscle during maximal contractions at each on speed (C). We tested a wide range (± 50%) of fascicle lengths and pennation angles centered at the average measurements made in the in vivo experiment. Peak torque was calculated as the product of the active contributions of the gastrocnemius muscle and the muscle moment arm (Nm). Joint work was calculated as the integral of the torque-angle curve.
Table 2. Correlations between muscle thickness and plantarflexion kinetics
Correlations of determination (R 2 ) and regression p-values are reported as R 2 (p-value) In this study, we demonstrated the relationship between 264 plantar flexor structure and function in a cohort of healthy young 265 adults. Our findings support our hypothesis that resting fascicle length 266 is positively correlated with peak plantar flexor torque and work while 267 pennation angle has a smaller, negative correlation with peak plantar 268 flexor torque and work. To determine if plantarflexor function was 269 simply explained by muscle thickness, we regressed muscle 270 thickness with plantar flexor kinetics and found no effect on plantar 271 flexor torque or work in any condition. Although fascicle length has 272 been positively correlated with muscle force in isolated muscle 273 experiments (Lieber, 1997) ; to our knowledge, this is the first study to Our values for torque and work done at 30 and 120 degrees per 291 second compares well with previously reported values (Randhawa 292 and Wakeling, 2013; Woodson et al., 1995) and our values for 293 maximal isometric torque compares well with studies with similar 294 subject positioning (Arampatzis et al., 2006) . A previous study 295
reported higher values for torque generation, however in this case, 296 the subjects were all male and were seated rather than positioned in 297 prone (Baxter and Piazza, 2014) . 298
Our results suggest that fascicle length and pennation angle, 299
which govern absolute muscle shortening velocity (Lieber and Ward, 300 2011), have greater effects on isokinetic plantar flexor function than 301 muscle thickness. Our results are consistent with the force-length and force-velocity properties of 302 muscle. While fascicles of different lengths undergo the same absolute contractile velocity during a 303
given isokinetic contraction, longer fascicles have additional sarcomeres in series which extend the 304 functional operating length of the muscle while reducing relative shortening velocity. This enables 305 longer fascicles to operate at slower velocities on the force-velocity curve, increasing force production 306 at all isokinetic speeds (Figure 6A ) (Lieber and Fridén, 2000) . Similarly, the force-velocity effects are 307 also affected by variation in pennation angle. Greater muscle pennation increases the fascicle 308 Figure 5 (1 column). Longer muscle fascicles lead to increased plantar flexor torque throughout the ankle range of motion during simulated isokinetic contractions. Longer gastrocnemius fascicles (more red) generated greater amounts of plantar flexor torque throughout the entire range of motion compared to shorter fascicles (more blue). These effects were similar at slow (A), medium (B), and fast (C) simulated isokinetic contraction speeds. well as the computational results described 319 in this paper (Figure 4 and 5 Figure 6 (1 column) . Longer and less pennate muscle fascicles reduce the shortening speed demands during a given isokinetic contraction. Longer and (A) less pennate (B) fascicles decrease relative shortening velocity during a given joint rotation, which results in increased fascicle force. The forcevelocity properties of skeletal muscle are more sensitive to changes in fascicle length than pennation angle, which agrees with our experimental findings that ankle torque is more strongly correlated with fascicle length than pennation angle. , 355 1996) . We used muscle thickness as a proxy for muscle volume, which is positively correlated with 356 measurements of muscle volume acquired with magnetic resonance imaging (R 2 = 0.527, P < 0.001) 357
(Crouzier et al., 2018) and cadaveric measurements (R 2 = 0.497, P = 0.017) (Bandholm et al., 2007) . 358 We did not quantify plantar flexor moment arm, which may affect muscle shortening dynamics and 359 plantar flexor kinetics (Baxter and Piazza, 2014; Nagano and Komura, 2003) . While considering medial 360 gastrocnemius structure to be a surrogate measure of the triceps surae muscles (Crouzier et al., 2018), 361 variations in lateral gastrocnemius and soleus structure might strengthen the correlation between 362 plantar flexor structure and function, it will not decrease our observed correlations. 363
In conclusion, our study demonstrates the link between resting structure of the medial 364 gastrocnemius with isokinetic plantar flexion function. These findings may have important implications 365 on plantar flexor function following muscle remodeling elicited through injury, training, and aging. 366
However, the link between isokinetic plantar flexor function and ambulatory function requires further 367
investigation, and future work should directly test the link between muscle structure and movement 368 biomechanics. 369
